INTRODUCTION
The ternary complex of bacterial elongation factor Tu (EF-Tu), GTP, and aminoacyl-tRNA plays a crucial role in translating the genetic code during protein synthesis by carrying activated amino acids to the A-site of messenger RNA-programmed ribosomes+ EF-Tu:GTP does not differentiate among the various aminoacylated elongator tRNAs, but recognizes nucleotide sequences or structural features common to all+ In formation of the ternary complex, EF-Tu:GTP discriminates against peptidyl-tRNAs and uncharged tRNAs (Gordon, 1967; Ravel et al+, 1967) , which implicates the aminoacylated 39 end of tRNA as an important recognition site+ Biochemical and biophysical evidence suggests that other regions of tRNA are also involved in recognition by EF-Tu:GTP, including portions of the continuous acceptor stem/ T-stem helix and the variable loop of the tRNA (reviewed in Faulhammer & Joshi, 1987; Reinbolt et al+, 1993; Nissen et al+, 1996) + The recently solved crystal structure of the ternary complex (Nissen et al+, 1995) provides high-resolution details of the protein-tRNA interactions+ Modifications at the universally conserved 39-CCA sequence are known to inhibit assembly of the ternary complex (Faulhammer & Joshi, 1987) + It is, however, difficult to analyze the role of the three terminal nucleotides in formation of the ternary complex because alteration of this sequence usually results in loss of aminoacylation activity (Sprinzl & Cramer, 1979) + We have recently shown that systematic mutation of all three bases of the 39-CCA terminus of Escherichia coli tRNA Val yields tRNAs with altered 39 ends that are readily aminoacylated (Horowitz et al+, 1993; Liu & Horowitz, 1994 ; also see Tamura et al+, 1994 )+ Valine tRNAs terminating in either 39 cytosine or 39 uracil retain almost full aminoacylation activity; the tRNA Val variant with a 39-terminal guanine is also fully chargeable, but is a poorer substrate for valyl-tRNA synthetase+ Cytosines at positions 74 and 75 are also not essential for aminoacylation; only the G75 mutant is a poor valine acceptor (Liu & Horowitz, 1994 )+ Experiments testing the activity of 39-terminal mutants of tRNA Val in in vitro polypeptide synthesis showed that the variant with a 39 G76 substitution is active+ However, mutant tRNAs terminating in 39 pyrimidines, which are readily aminoacylated, are unable to transfer valine into polypeptides (Liu & Horowitz, 1994) (Liu & Horowitz, 1994 )+ The conserved C74 and C75 are also not essential for aminoacylation of tRNA Val (Liu & Horowitz, 1994 )+ Replacing either of the terminal C residues yields tRNAs that remain good substrates for ValRS+ Exceptions are the G75 mutant and the U74U75 double mutant, which accept valine poorly; both tRNAs can, however, be aminoacylated at high ValRS concentrations (Liu & Horowitz, 1994 (Ofengand et al+, 1974) , the tRNA Val variant terminating in 39 G is quite active, about 40% as active as wild-type tRNA Val , whereas the C and U variants are relatively inactive (Liu & Horowitz, 1994 ; see Fig+ 2)+ Transfer RNAs previously aminoacylated with valine were used in these experiments to eliminate effects of differences in aminoacylation efficiency among the tRNAs+ Substitutions for the conserved C74 and C75 residues have relatively small effects on the ability of the tRNAs to serve as valine donors in in vitro poly(U 3 ,G)-directed (Val, Phe) co-polypeptide synthesis+ Figure 2 shows that the position 74 and 75 mutants of tRNA Val are 30-60% as active in polypeptide synthesis as the wild-type tRNA+ This is also true for the double mutant, U74U75 (39-UUA), even though it is a poor substrate for aminoacylation+
EF-Tu:GTP interaction with 39 end mutants of tRNA Val
To identify the step in the translational elongation cycle at which the U76 and C76 variants of tRNA Val fail to function, their ability to interact with EF-Tu:GTP was examined by a hydrolysis protection assay (Pingoud et al+, 1977) (Louie & Jurnak, 1985; Ott et al, 1989 )+ On the basis of a stepwise mutational analysis of a minihelix derived from the acceptor branch of E. coli tRNA Sec , Rudinger et al+ (1996) concluded that a local distortion in helical structure produced by a G:U wobble base pair flanked by C:G base pairs at the eighth, ninth, and tenth positions of the minihelix hinders EF-Tu:GTP binding+ These correspond to the last base pair in the acceptor stem (7:66) and the first two base pairs (49:65 and 50:64) in the T-stem of elongator tRNAs+ Because E. coli tRNA Val has a similar sequence at these positions, Rudinger et al+ (1996) Figure 4+ As with tRNA Val , wild-type alanyl-tRNA Ala and the G76 mutant readily form ternary complexes with EF-Tu:GTP (Fig+ 4a); the U76 mutant also interacts with EF-Tu:GTP, but to a lesser extent+ Presence of a 39 cytosine greatly reduces the affinity of EF-Tu:GTP for the aminoacyl-tRNA+ In the absence of elongation factor, the hydrolysis of all alanyl-tRNA Ala variants follows the same first-order decay rate+ The ester linkage of alanyl-tRNA Ala is not as stable as that of valyltRNA Val at pH 8+0, and the degree of hydrolysis protection afforded by interaction with EF-Tu:GTP is somewhat 
DISCUSSION
Reasons for the universal conservation of the 39-terminal CCA sequence are not well understood+ Recently, we and others (Liu & Horowitz, 1994; Tamura et al+, 1994) found that E. coli tRNA Val with 39-terminal pyrimidines in place of the natural A76 readily accepts valine and that at high ValRS concentrations the G76 mutant can also be aminoacylated+ Here we extend these obser- (Table 1) + Selective recognition by EF-Tu:GTP of purines at the 39 terminus of tRNA and discrimination against 39 pyrimidines, especially cytosine, seems to be a general phenomenon+ Hydrolysis protection assays with 39-terminal mutants of E. coli alanyl-tRNA Ala and phenylalanyl-tRNA Phe give results similar to those obtained with 39-end variants of tRNA Val (Fig+ 4a,b)+ Although the ester bond of aminoacyl-tRNAs terminating in 39 uracil is relatively well-protected from hydrolysis by EF-Tu:GTP (Figs+ 3, 4) , the degree of protection is less than that found with tRNAs terminating in 39 purines+ The dissociation constant of the ternary complex with the U76 variant of tRNA Val is 351 nM, 16-fold higher than that of the ternary complex with wild-type valyl-tRNA Val (Table 1 )+ This value is greater than the 110 nM reported for the K d of the weak ternary complex between EF-Tu:GTP and initiator tRNA fMet (Louie & Jurnak, 1985) , which is sufficiently high to prevent the initiator tRNA from participating in the translational elongation cycle+ Systematically mutating tRNA Val at positions C74 or C75 has little effect on the affinity of EF-Tu:GTP for the aminoacyl-tRNA (Table 1 ; Fig+ 3b,c)+ Absence of basespecific contacts between EF-Tu and the penultimate cytosine residues of the tRNA is consistent with the structure of the ternary complex determined by X-ray crystallography+ This shows that EF-Tu makes only limited contact with C74 and C75, and that these bases face away from the protein in the ternary complex (Nissen et al+, 1995)+ We now have an explanation for the inability of the C76 and U76 valyl-tRNA Val variants to function in polypeptide synthesis+ Preferential recognition of purines at the 39-terminal position of valyl-tRNA
Val by EF-Tu:GTP limits formation of the ternary complex with the C76 and U76 mutants of valyl-tRNA
Val and inhibits their binding to the ribosomal A-site+ These findings do not exclude other possible functions of the CCA-end of tRNA, such as interaction with the P-loop of the peptidyl transferase center of 23S ribosomal RNA (Samaha et al+, 1995) + What is the molecular basis for the preferential recognition by EF-Tu:GTP of aminoacyl-tRNAs with 39-terminal purines? The recently solved crystal structure of the ternary complex between yeast phenylalanyltRNA
Phe , EF-Tu, and the GTP analogue GDPNP at 2+7 Å (Nissen et al+, 1995) provides some answers+ The 39-terminal A76 is bound in a pocket lined with several conserved amino acid residues+ Glu 271 stacks on one side of the adenine and the conserved residues Val 237, Ile 231, together with Leu 289, form a hydrophobic platform on the other side of the adenine base+ These hydrophobic interactions favor a purine base over a pyrimidine, and the antiparallel alignment of the adenine and Glu 271 dipoles favors adenine over guanine (Nissen et al+, 1996) +
MATERIALS AND METHODS

Proteins, plasmids, and tRNA
Phagemid pFVAL119, a derivative of pUC119, contains a T7 promoter directly followed by a tRNA Val gene and a downstream Fok I restriction site, positioned to cleave the DNA template to produce tRNAs with the desired 39 ends (Liu & Horowitz, 1993 )+ Phagemid pFALA119 and pFPHE119 are similar constructs containing the E. coli tRNA Ala and the E. coli tRNA Phe genes, respectively+ The latter was prepared (M+ Liu & J+ Horowitz, unpubl+) from pUS618 (Peterson & Uhlenbeck, 1992) , kindly supplied by O+C+ Uhlenbeck (University of Colorado, Boulder)+ Transfer RNAs were synthesized in vitro by runoff transcription with T7 RNA polymerase from the corresponding recombinant phagemid after it was linearized with Fok I (Liu & Horowitz, 1993 )+ Transcribed tRNAs were purified by HPLC (Liu & Horowitz, 1993 )+ Mutations were introduced into the cloned tRNA genes by site-directed mutagenesis (Taylor et al+, 1985 or Deng & Nickoloff, 1992 , using mutagenic oligonucleotides synthesized by the Nucleic Acid Facility at Iowa State University+ Mutants were selected by dideoxy DNA sequence analysis (Sanger et al+, 1980 )+ Valyl-tRNA synthetase (ValRS) was purified (Chu & Horowitz, 1991 ) from E. coli GRB276/pHOV1 and T7 RNA polymerase was isolated from E. coli BL21/pAR1219 (Zawadzki & Gross, 1991 )+ Alanyl-tRNA synthetase was supplied by P+ Schimmel (Scripps Research Institute) and E. coli phenylalanyl-tRNA synthetase was partially purified as described by Peterson and Uhlenbeck (1992) + Expression plasmid pQECtuf (Ribeiro et al+, 1995) , containing the gene for T. thermophilus EF-Tu, was the generous gift of M+ Sprinzl (Bayreuth University)+ EF-Tu was prepared according to Ribeiro et al+ (1995) +
Aminoacylation of tRNA
Val transcripts with valine was performed as described by Liu and Horowitz (1994) in 60-mL reaction mixes containing 4 mM tRNA Val + tRNA Ala was charged with alanine at 37 8C, in a 60-mL reaction mixture containing 150 mM potassium phosphate, pH 7+5, 10 mM MgCl 2 , 20 mM DTT, 4 mM ATP, 0+1 mg/mL bovine serum albumin (BSA), 4 units of pyrophosphatase, 43 mM [ 3 H]alanine (50 Ci/mmol), 4 mM tRNA Ala , and purified alanyl-tRNA synthetase (Park et al+, 1989 )+ tRNA Phe was aminoacylated with phenylalanine at 37 8C in a 60-mL reaction mixture containing 30 mM HEPES, pH 7+5, 2 mM ATP, 25 mM KCl, 15 mM MgCl 2 , 4 mM DTT, and 25 mM [ 3 H]phenylalanine (65 Ci/mmol), 2+6 mM tRNA Phe , and 0+04 mg/mL partially purified phenylalanyl-tRNA synthetase (Peterson & Uhlenbeck, 1992 )+ Ten-microliter samples were removed at the indicated times, spotted on Whatman 3MM paper, and processed as described by Bruce and Uhlenbeck (1982) + Radioactivity was determined by scintillation counting in a BioSafe fluor+ Aminoacylated tRNAs were isolated by extracting the reaction mixture with an equal volume of phenol/chloroform/ isoamyl alcohol (25:24:1)+ The tRNA was precipitated with ethanol, washed with 70% ethanol, dried, and dissolved in a small volume of 5 mM potassium acetate, pH 5+4+ Free amino acids were removed by size-exclusion chromatography on Sephadex G-25 (Pharmacia)+
In vitro poly(U 3 ,G)-directed (Val, Phe) polypeptide synthesis
Polypeptide synthesis was performed as described by Liu and Horowitz (1994) in a 100-mL reaction mixture containing 50 mM Bicine, pH 7+5, 50 mM NH 4 Cl, 20 mM Mg(OAc) 2 , 3 mM ATP, 1 mM DTT, 1 mM GTP, 10 mM phosphoenol pyruvate (PEP), 0+05 mM unlabeled valine, 0+05 mM unlabeled phenylalanine, 154 pmol E. coli tRNA Phe , 90 pmol [ 3 H]valyl-tRNA Val , 40 mg tRNA-free E. coli S-100 (Muench & Berg, 1966) , 32 mg of poly(U 3 ,G), 4 units pyruvate kinase, and 3+7 A 260 units of 1 M NH 4 Cl-washed ribosomes (Pestka, 1968; Erbe et al+, 1969 )+ Reactions were initiated by addition of ribosomes and were incubated for 60 min at 37 8C+ The reaction was stopped by adding 5% TCA and heating at 95 8C for 20 min+ After cooling on ice for 20 min, precipitates were collected on Millipore filters (Millipore Corp+) and washed four times with cold 5% TCA and once with cold 95% ethanol+ Filters were then dried, and radioactivity was measured by scintillation counting+ Preliminary experiments showed the rate of valine incorporation was linear for at least 1 h+
